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Abstract. While actin polymerization and depolymer-
ization are both essential for cell movement, few stud-
ies have focused on actin depolymerization. In vivo,
depolymerization can occur exceedingly rapidly and in
a spatially defined manner: the F-actin in the lamelli-
podia depolymerizes in 30 s after chemoattractant re-
moval (Cassimeris, L., H. McNeill, and S. H. Zig-
mond . 1990. J. Cell Biol. 110:1067-1075) . To begin to
understand the regulation of F-actin depolymerization,
we have examined F-actin depolymerization in lysates
of polymorphonuclear leukocytes (PMNs). Surprisingly,
much of the cell F-actin, measured with a TRITC-
phalloidin-binding assay, was stable after lysis in a
physiological salt buffer (0.15 M KCl): , -50% of the
F-actin did not depolymerize even after 18 h. This
stable F-actin included lamellar F-actin which could
still be visualized one hour after lysis by staining with
TRITC-phalloidin and by EM. We investigated the
basis for this stability. In lysates with cell concentra-
tions > 10' cells/ml, sufficient globular actin (G-actin)
was present to result in a net increase in F-actin.
C
ELLS moving on surfaces depend on the extension of
lamellipodia for motility. Lamellipodia are dynamic,
protruding in the direction of movement and with-
drawing from other directions. The lamellipodia are sites of
rapid actin polymerization: within 30 s after addition of che-
moattractant to a polymorphonuclear leukocyte (PMN)' at
23°C, the F-actin content ofthe cell doubles with most of the
newlypolymerized F-actin located in lamellipodia. The pres-
ence ofcytochalasin or ADP-ribosylated actin, both filament
barbed end caps, inhibit chemoattractant-induced polymer-
ization suggesting that elongation occurs at the barbed ends
(Wegner and Aktories, 1988 ; White et al., 1983) . Various
studies have localized a major site of actin polymerization
to the tip of lamellipodia; the F-actin then moves rearward
(Glacy, 1983 ; Okabe and Hirokawa, 1989; Wang, 1985;
1. Abbreviations used in this paper: CD, cytochalasin D; CDs, calcium
depolymerizing solution; FNLLP, N-formylnorleucylleucylphenylalanine ;
PMN, polymorphonuclear leukocyte.
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However, the F-actin stability was not solely because of
the presence of free G-actin since addition of DNase I
to the lysate did not increase the F-actin loss. Nor did
it appear to be because of barbed end capping factors
since cell lysates provided sites for barbed end poly-
merization of exogenous added actin. The stable F-actin
existed in a macromolecular complex that pelleted at
low gravitational forces. Increasing the salt concentra-
tion of the lysis buffer decreased the amount of F-actin
that pelleted at low gravitational forces and increased
the amount of F-actin that depolymerized. Various actin-
binding and cross-linking proteins such as tropomyo-
sin, ci-actinin, and actin-binding protein pelleted with
the stable F-actin . In addition, we found that ci-actinin,
a filament cross-linking protein, inhibited the rate of
pyrenyl F-actin depolymerization. These results sug-
gested that actin cross-linking proteins may contribute
to the stability of cellular actin after lysis. The activ-
ity of crosslinkers may be regulated in vivo to allow
rapid turnover of lamellipodial F-actin.
Forscher and Smith, 1988; Heath, 1983; Symons and Mitch-
ison, 1991; Svitkina et al ., 1986; Small et al., 1978).
During cell locomotion, the rate of depolymerization of
F-actin must equal the rate ofpolymerization since the total
F-actin present remains constant. 30 s after removal of che-
moattractant from PMNs (at 23°C), the lamellipodial F-ac-
tin declines to basal levels, while the cortical F-actin remains
constant (Cassimeris et al., 1990). The lamellipodial F-actin
probably depolymerizes from its pointed ends since depoly-
merization occurs in the presence of cytochalasin, which
blocks depolymerization from the barbed end (Sklar et al.,
1985; Cassimeris et al., 1990).
Were an actin filament to extend across the 3-5 Am from
the front of the lamellipodium to the junction ofthe lamelli-
podium with the endoplasm, and "treadmill" at the rate of lo-
comotion, its rate of depolymerization would need to equal
the rate of movement. If the rate of filament growth at the
cell front occurs at a rate equal to the rate ofcell movement,
PMNs moving at rates up to 30 Am/min (0.5 Am/s) would
1123need to incorporate 180 actin monomers/s/filament . This
would require a dissociation rate constant at the pointed end
-1800 times higher than those measured for purified muscle
F-actin in vitro (using a dissociation rate constant of 0 .1 s- '
and 360 monomers per lzm of actin filament [Weber et al .,
1987 ; Kom et al ., 1987; Mitchison and Kirschner, 1988 ;
Cassimeris et al ., 1990]) .
Morphological and kinetic data suggest that a given actin
filament does not extend across the length of the lamellipo-
dium . Electron micrographs show that in the cortical mesh-
work of Dictyostelium, macrophages, and PMNs, intersec-
tions between actin filaments occur at intervals between 0.05
and 0.6 1,m (Hartwig and Shevlin, 1986 ; Rubino and Small,
1987 ; Ryder et al ., 1984) . Kinetic evidence from studies on
the depolymerization of Factin ofDictyostelium and PMNs
indicates that most filaments are<0.2-,.m long (Podolski and
Steck, 1990 ; Cano et al., 1991) . If lamellipodia are com-
posed of small 0.1-jAm filaments, and if all the filaments de-
polymerize simultaneously, as suggested by Symons and
Mitchison (1991), the requireddissociationrateat the pointed
end would still be 36 times faster than the dissociation rate
measured in vitro (see above) . Proteins that can increase the
rate of depolymerization, such as actin depolymerizing fac-
tor (destrin), actophorin, and depactin, have been identified
in various systems and may contribute to this rapid rate of
depolymerization (Bamburg et al ., 1991 ; Cooper et al ., 1986 ;
Moriyama et al ., 1990 ; Mabuchi, 1983) .
To identify factors that regulate actin disassembly in vivo,
we have begun to characterize factors that affect Factin de-
polymerization in PMN lysates . Rather than finding that
these filaments depolymerized more rapidly than pure actin,
we found that they depolymerized more slowly. While it has
been known for many years that actin filaments in the cyto-
skeleton are unusually stable, the reasons for this stability
have not been identified . We found that the Factin in lysates
existed in two pools : one depolymerized if the lysate cell
concentration was sufficiently low ; the other was stable for
long periods of time . These pools did not correspond to the
labile and stable pools observed in vivo (Cassimeris et al .,
1990) . Increasing the KCl concentration released actin fila-
ments from a cross-linked meshwork and increased the
amount of Factin that depolymerized . This suggested that
filament binding and cross-linking proteins might inhibit
Factin depolymerization . We therefore examined the effects
of a filament cross-linking protein, «-actinin, and found that
it inhibited Factin depolymerization . Thus, the rapid turn-
over of Factin observed in vivo may be more complicated
than previously anticipated and require not only an increase
in the monomer dissociation rate but also a decrease in the
binding of factors that inhibit filament depolymerization .
Materials andMethods
Reagents
N-formylnorleucylleucylphenylalanine (FNLLP), t-Boc-norleu-leu-phe
(t-BocNLLP), deoxyribonuclease I (DNase I) (type II from bovine pancreas
chromatographically purified), TRITC-phalloidin, and phalloidin were all
obtained from Sigma Chemical Co. (St . Louis, MO) .
Cells
Rabbit peritoneal cellswere obtained as describedpreviously (Zigmondand
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Sullivan, 1979) . The cells were washed two times with saline (0.9%) and
suspended in cell buffer (HBSS withoutphenol red, bicarbonate, or calcium
andmagnesium(Gibco Laboratories, Grand Island, NY), but with the addi-
tion of 10 mM Hepes, pH 7.2) .
Proteins
PyrenylActin . Rabbitskeletal muscle actinwas isolated (Spudich and Watt,
1971 ; Murray et al ., 1981) and labeled with pyrene (50-80% labeled in
different preparations) as previously described (Northrop et al ., 1986 ; Car-
son et al ., 1986) . Pyrenyl actin was stored as G-actin at 4°C until use.
Pyrenyl F-actinwas prepared by incubating pyrerryl G-actin (2 .0 AM) over-
night in 0.14 M KCI, 2 MM MgC12, 1 mM ATP, 25 mM Tris-HCI (pH 7.4),
1 mM EGTA, and 0 .2% NP-40. Depolymerization of pyrenyl F-actin was
followed by decreases in pyrene fluorescence (excitation 370 run/emission
410 nm) in a fluorescence spectrophotometer (model LS-5 ; Perkin-Elmer
Cetus Instruments, Norwalk, CT) .
Rhodamine Actin . Rabbit skeletal muscle actin was labeled with lissa-
mine rhodamine (Molecular Probes, Inc ., Eugene, OR) essentially as de-
scribed by Sanger et al . (1984) with the following further purification steps .
After labeling and separation of actin from free dye on a Sephadex G-25
column, theactin was purified by gel filtration chromatography on a Sepha-
dex G-150 (Pharmacia Fine Chemicals, Piscataway, NJ) column (MacLean-
Fletcher and Pollard, 1980) . Actin containing fractions werepooled, the ac-
tin polymerized by addition of KCI to 0.1 M and MgCIZ to 2 mM, and the
F-actin pelleted (80,000 g for 2 h at 15°C) . The pellets were homogenized
in calcium depolymerizing solution (CDS) (10 mM Tris-HCI, pH 8.0, 0.2
mM CaC12, 0.5 mM ATP, 50 ;4M CaEDTA, 1 mM DTT, 1 mM Azide), di-
alyzed overnightagainst CDS, and the G-actin solution was clarified by cen-
trifugation (80,000 g for 3 h at 4°C) . The G-actin solution was frozen in
liquid nitrogen in 100-Al aliquots and stored at -80°C until use. The prepa-
ration used in this study was -30% labeled (based on an extinction
coefficient of 77 mM-1 cm-1 at 570 run for rhodamine) .
aActinin . Chicken gizzard a-actinin was purified using a combination
of published methods. Glycerination of gizzards, extraction, ammonium
sulfate fractionation, and chromatography on DEAE-cellulose and Sepha-
rose 4B were performed as described by Craig et al . (1982) . The a-actinin
was further purified by chromatography on hydroxylapatite, rechromato-
graphed on DEAE-Sephacel as described by Feramisco and Burridge
(1980), and finally chromatographed on butyl-Sepharose (Pharmacia Fine
Chemicals) using conditions previously described for butyl-toyopearl (Mi-
mura and Asano, 1986) . The a-actinin was then dialyzed in 20mM Tris,
0.1 mM EDTA, 0.1% 2-mercaptoethanol, 0.02% sodium azide, pH 7.4,
sterilized by passage through a 0.2-gm pore filter, and stored at 4°C .
Cell Lysis
Detergent Lysis. Cells were suspended in cell buffer with or without 2 x
10- s M FNLLP for 90 s and then the cells were lysed by addition of lysis
buffer (final concentrations unless stated otherwise) : 2 MM MgC12, 5 MM
EGTA, 1% NP-40,0.15M KC1, 2 told KPO 4 , 10mM ß-glycerophosphate,
5mM ATP, 10 mM Hepes, protease inhibitors (1 pg/ml leupeptin, 1 pg/ml
benzamidine, 10 gg/ml aprotinin, 10 pg/ml TAME-HCI, added from a
100x stock), and 1 mM PMSF (added just before use) at pH 7 .2 . When
noted, the lysis buffer was modified by increasing the KCI concentration
and/or by addition of 10 WM DNase I (Sigma Chemical Co .) . In some ex-
periments cells were lysed in PHEM buffer of Schliwa and van Berklom
(1981) (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 2 MM MgCl2,
pH 6.9) .
Detergent lysis was used in most studies since it is nearly instantaneous
and fairly synchronous ; it also seemed less likely to break actin filaments
than mechanical methods (homogenization, sonication, or filter lysis) or to
cause depolymerization ofexisting filaments at the low temperature or high
pressure (required for lysis by freezing and thawing or nitrogen cavitation,
respectively) . Detergent also offered the advantage of reducing nonspecific
binding ofTRITC-phalloidin tothe centrifugetubes. Nevertheless, to inves-
tigate the role of detergent, we also lysed cells mechanically.
MechanicalLysis . Cells were lysedby rapid passage of20 ml of cell sus-
pension (1 x 106 cell/ml) through a 2 .5-cm diameter, 3-um pore size, Mil-
lipore filter (Millipore Corporation, Bedford, MA) attached to a 20-ml sy-
ringe . This procedure resulted in breakage of >99% of the cells . By
comparing detergent lysates with filterlysates to which detergent was added
before or after filtration, we estimated that x+13% ofthe F-actin remained
on the Millipore filter .
1124MorphologicalExamination ofCellular-Actin
Fluorescence Microscopy and TRITC-Phalloidin Staining. Cells (2 x
105) attached to coverslips were incubated in 3 x 10--9 M FNLLPat 37°C
toobtain a population ofcells with a polarized morphology. They were then
lysed by placing the caverslip in a Coplinjar containing 10ml oflysis buffer
orPHEM buffer (final G-actin concentration <0.002 AM). Coverslips were
transferred to aCoplinjar containing TRPDC-phalloidin (0.6 AM)atvarious
times after lysis. Thecells were then examined and photographed using an
epifluorescent microscope (Carl Zeiss, Inc., Thornwood, NY).
Rhodamine Actin Pblymerization from PMN Cytoskeletons. Cells at-
tached to coverslips were incubated with peptide as described above. Cells
were lysed by draining off the buffer and placing toverslips into 10 ml of
either (a) lysis buffer for 1 hor (b) lysis buffer plus 1 AM unlabeled phal-
loidin for30 s. After lysis by either protocol, the fluid around the cells was
carefully removed and50 Al oflysis buffercontaining 1 AMrhodamineactin
(diluted into lysis buffer immediately before use from a 16 AM stock) and
1 AM unlabeled phalloidin was applied to the coverslips. In some cases
2 AM cytochalasinBor 35 nM gelsolin/actin complex (agenerous giftfrom
Dr. Annemarie Weber, University of Pennsylvania, Philadelphia, PA) was
included to block barbed end polymerization . After incubation for 2 min,
the coverslips were drained, rinsed in lysis buffer containing 1 AM unla-
beled phalloidin, and then mounted on slides andviewed immediately with
a camera (Quantex Corp., Sunnyvale, CA) onan epifluorescent microscope
(Carl Zeiss, Inc.). Images were collected with anImage Oneimage analysis
system (Universal Imaging Corporation, West Chester, PA). Micrographs
were made by photographing the image from a video monitor using T-MAX
100 ASA film (Eastman Kodak Co., Rochester, NY).
Electron microscopy. Cellsattached tocoverslips were incubated in pep-
tide as described above. Thecoverslips were then either (a) lysed in PHEM
buffer containing 1 AM unlabeled phalloidin for 30 s before fixation with
1% glutaraldehyde or (b) lysed in PHEM for 30 minbefore fixation in lysis
buffer containing 1 AM unlabeled phalloidin and 1% glutaraldehyde . In
some experiments, the lysates were incubated for 10 min in 2 mg/nil of the
S, fragment ofmyosin (a generous gift from Dr. Lew Tilney, University of
Pennsylvania, Philadelphia, PA). After infiltration in 70% ethanol, the cov-
erslips were carefully drained andfrozen in liquidnitrogen-cooledpropane.
Thecells were freeze dried at -100°C, rotary shadowed with platinum at
25°C, andreplicated with carbon in aBalzer 400freeze fracture apparatus
(Balzers S. p. A., Milan). The replicas were detached from the glass slide,
sometimes with the help of 5% sodium hypochlorite, mounted on naked
grids, and examined in an electron microscope (model 410; Philips Elec-
tronic Instruments Co., Mahwah, NJ) .
F-actin Quantitation by TRITC-Phalloidin Staining
TheF-actin in the cell lysates was measured by addition of0.6 gM TRITC-
phalloidin (Howard and Oresajo, 1985; Cassimeris et al ., 1990; Cano et
al., 1991). Control experiments documented the ability of TRITC-phal-
loidin to rapidly stop depolymerization and to bind quantitatively to F-actin
(Cano et al., 1991). In preliminary experiments, glutaraldehyde and/or
formaldehyde were used to stop depolymerization; however, parallel ex-
periments following pyrene actin depolymerization and TRITC-phalloidin
binding indicated that addition of glutaraldehyde caused anomalously low
values in the TRITC-phalloidin assay.
When F-actin was measured in lysates incubated at high cell concentra-
tions (>2 x 106 cells/nil), the lysate wasdiluted to a cell concentration of
2 x 106 cells/ml at the time of addition of TRITC-phalloidin to prevent
phalloidin-induced polymerization during staining. Control experiments in-
dicated that no polymerization occurred under these staining conditions.
Each sample contained 5 x 106 cells. After staining for 60 min, the sam-
ples were spunat 4°C for 15 minat 80,000rpmin a 100.3 rotor in a tabletop
ultracentrifuge(model TL-100; BeckmanInstruments, Inc., Fullerton, CA)
(346,000g). The supernatant wasremoved and the pellet wasextracted for
24 to 48 h in 1 ml of 100% methanol. The TRITC fluorescence was read
in afluorescence spectrophotometer (ex 540 rim, em 575 nm). Under these
conditions, the fluorescence wasproportional to the amount of pure F-actin
added. Nonsaturable staining (staining in the presence of 6 AM unlabeled
phalloidin) was subtracted from all data.
Assays ofF-actinDepolymerization
F-actindepolymerization wasfollowed by losses inTRITC-phalloidin stain-
ing of F-actin in lysates (Cano et al., 1991). Depolymerization wasstopped
at various times after lysisby adding 0.6 AM TRITC-phalloidin as described
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above. Several factors were considered while developing the depolymeriza-
tion conditions. To prevent myosin rigor bonds from inhibiting depolymer-
ization, ATP was present in all media. Tb insure that the G-actin present
in lysates did not affect the depolymerization kinetics, it was necessary ei-
ther to dilute the cells to <3 x 105 cells/ml (total actin concentration
<0.05 AM) or to include DNase I to complex any G-actin present. The
TRITC fluorescence signal obtained after high cell dilution (lysing cells in
either8- or 30-ml tubes) wasnoisy, primarily because the background from
nonspecific binding of TRITC-phalloidin to the large tubes was high. Fur-
thermore, the cost of adding 0.6 AM TRITC-phalloidin to large volumes of
lysate became a consideration. Thus, to insure that G-actin concentrations
were low, we included 10 AM DNase I in the medium and used lysates at
2 x 106 cells/ml (total actin concentration -0.2 AM). This allowed us to
perform the assays in 3-nil tubes while keeping total cell number constant
at 5 x 106 cells.
Since DNase I binds G-actin with adissociation constant of 10--9 M, it
effectively sequesters the G-actin (Pbdolski and Steck, 1990). DNase I
binds to the pointed end of actin filaments and prevents polymerization at
this end (Podolski and Steck, 1990). However, it does not inhibit depoly-
merization from the pointed end (Cano et al., 1991). Under our conditions
(lysis buffer containing either 0.15 or 1.2 M KCI), the presence of 10 AM
DNase I increased the net depolymerization rate by about 1.5-fold. Thein-
creases in rate appeared independent of KCl concentrations (Cano et al.,
1991). Theincrease was independent of filament length indicating that the
increase in rate wasbecause of an increase in the dissociation rate constant
and not to filament cutting (Cano et al., 1991).
CytoskeletalAssociated F-actin
Lysates were spun at lowgforces (1 mininaBeckman 100.3 rotor in a Beck-
man TL-100 tabletop ultracentrifuge [Beckman Instruments, Inc.] during
which timethecentrifugeachieved40,000 rpm; average g -86,000) to deter-
mine what fraction of F-actin waspresent in alarge complex. Total F-actin
wasdetermined afterahigh speed spin (15 minat 80,000 rpm, g = 346,000)
using the TRITC-phalloidin binding assay described above. Only 3 % of
pure 2 AM F-actin (polymerized overnight in 0.14 M KCI, 2 MM M902,
1 mM ATP, 25 mM Tris-HCI (pH 7.4), 1 mM EGTA, and0.2% NP-40)
that pelleted in the high g spin was pelleted in the lowg spin.
SDSGel ElectrophoresisandImmunoblotting
Cells were lysed at 5 x 106 cells/nil and cytoskeletons were pelleted at
various times after lysis by centrifugation at 13,000 rpmfor 2 minin a Hill
microfuge (Hill Scientific, Inc., Derby, CT). After removal ofthe superna-
tant, the cytoskeletons were resuspended in sample buffer (containing 1%
ß-mercaptoethanol and 1% SDS) at 0.05x the initial lysate volume. 10 and
3-12.5 % gradient SDS-PAGE gels were run according to Laemmli (1970).
For quantitation of F-actin, the gels were stained with Coomassie blue.
Bands onthegelswerequantified withanImageOneimage analysis system.
For immunoblotting, gels were transferred to Immobilon-P (Millipore
Corp.) . After blocking in PBS containing 5% nonfat milk (Carnation) and
0.05 % T\veen 20 for 1 h, the immobilon wasincubated inprimary antibody
overnight, then washed (PBS plus 0.05% Tlveen 20) and incubated in perox-
idase secondary antibody (Sigma Chemical Co.) for 1-2 h. After washing,
blots were developed using enhanced chemiluminescence (Amersham
Corp., Arlington Heights, IL) on XRPfilm (Eastman Kodak Co., Roches-
ter, NY). Tropomyosin antibody (rabbit polyclonal) wasobtained from ICN
Biomedicals Inc. (Costa Mesa, CA); Anti-actin binding protein (mAb) was
a generous giftof Dr. John Hartwig (Massachusetts General Hospital, Bos-
ton, MA); and a-actinin antibody (rabbit polyclonal, affinity purified) was
a gift from Dr. Kyoko ImamakaYoshida (University of Pennsylvania, Phila-
delphia, PA).
Results
Morphological Examination oftheF-actin Remaining
afterLysis
In vivo, the F-actin in the lamellipodium is labile (Cas-
simeris et al., 1990). However, we find that afterlysis, much
of the lamellipodial F-actin is stable. The TRITC-phalloidin
staining pattern of F-actin was similar in cells lysed directly
1125Figure 1. Distribution oftheTRITC-phalloidin staining in polarized cells. Cells were allowed to attachto coverslips and develop a polarized
morphology by incubating in the presence of 3 x 10-9M FNLLP for 10 min at 37°C. The coverslips were then placed in lysis buffer
(0.15 M KCI) and 0.6 IAM TRTTC-phalloidin (a) or in lysis buffer with 0.15, 0.6, or 1.2M KCI but without TRITC-phalloidin for 60 min
before transfer to lysis buffer containing 0.6 I.M TRITC-phalloidin (b, c, and d) . After staining for 30 min, the cells were then rinsed
in lysis buffer without TRITC-phalloidin, examined, and photographed immediately. Bar, 5 j,m .
into TRITC-phalloidin (with or without fixation with 1%
glutaraldehyde) (Fig. 1 a) and in cells lysed for various
periods of time before addition of TRITC-phalloidin . While
there was a decrease in the diffuse staining in the body ofthe
cell, staining of the lamellipodia and cell cortex remained
prominent in cells lysed for 60 min before adding TRITC-
phalloidin (Fig . 1 b) . Neither removal ofchemoattractant 5 s
before lysis, nor addition of cytochalasin B at the time of
lysis, increased the lability of lamellipodial F-actin after ly-
sis . The staining pattern and the persistent ability to bind
TRITC-phalloidin was similar in cells lysed in suspension
and in cells attached to coverslips . Thus, substrate attach-
ment was notresponsible for the stability ofthe lamellipodial
filaments after lysis . Varying the lysis buffer by omitting
Mgz+ or ATP, adding back calcium after lysis in EGTA,
varying thepH between 6 and 8, lysing at 4°C, including mil-
limolar glucose or polyethylene glycol, or by lysing in a
PHEM buffer (Schliwa and van Berklom, 1981) yielded cells
with similar amounts of TRITC-phalloidin staining.
Increasing the KCI concentration in the lysate decreased
the TRITC-phalloidin staining . After lysis for 60 min in a
KCI concentration of 0.6 M, the TRITC staining of the
cytoskeleton was fainter, the actin pattern was fragmented,
and some cell fragments containing F-actin were released
from the substrate and formed clumps (Fig . 1 c) . In 1.2M
KCI, the TRITC-phalloidin staining was further reduced .
Occasionally, clumps of F-actin were observed (Fig. 1 d)
that were similar in size and shape to the F-actin staining of
lamellipodia in physiological KCI .
Ameshwork of lamellipodial F-actin could be seen in elec-
tron micrographs of platinum shadowed carbon replicas of
rapidly frozen cells that had been lysed for 30 s in the pres-
ence of phalloidin before fixation (Fig . 2 a), or lysed for 30
min before addition of phalloidin and fixation in glutaralde-
hyde (Fig . 2 b) . Similar filamentous structures could be
decorated with myosin S, (not shown) indicating that the
structures in Fig . 2, a and b were actin filaments . Thus, even
the fine structure of the F-actin meshwork was stable after
lysis .
F-actin Depolymerization Occurs in 7Wo Phases
To study quantitatively the depolymerization ofF-actin after
cell lysis, we followed the time course of F-actin depolymer-
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ization of cells lysed in suspension . TRITC-phalloidin added
at various times after lysis prevented further F-actin depoly-
merization and stained the F-actin present (Cano et al.,
1991) . The TRITC-phalloidin extracted from a high speed
pellet served as a quantitative measure ofthe F-actin present
as described in Materials and Methods . As shown in Fig. 3,
in lysates of 3 x 105 cells/ml, the loss of pelletable TRITC
phalloidin occurred in two phases . One pool of F-actin, the
labile pool, depolymerized rapidly ; the half time for the
rapid loss of TRITC-phalloidin staining was Nl min . This
rapid depolymerization was nevertheless slower than the
rapid depolymerization in vivo at 23°C (half time G15 s) .
The stable F-actin pool consisted of F-actin remaining 5min
after lysis ; more than half of the original amount of pellet-
able TRITC-phalloidin was in this pool . There was no fur-
ther loss of this stable pool of F-actin over the next 18 h . We
found that -50% of the initial F-actin level remained after
an 18-h depolymerization .
The time courses of depolymerization of F-actin in lysates
of control PMNs and of PMNs stimulated for 90 s with
chemoattractant (at room temperature) before lysis were
similar (Fig . 3) . Unstimulated cells contained cortical F-ac-
tin, while stimulated cells contained both lamellipodial and
cortical F-actin . In both cases the F-actin was distributed
about equally into labile and stable pools . Since the peptide-
stimulated cells had about twice as much F-actin at time zero
as control cells, the amountof F-actin remaining in the stable
pool of peptide stimulated cells exceeded that in the stable
pool of unstimulated cells . This stability in vitro contrasts
with the situation in vivo, where all of the peptide-induced
F-actin is in the labile pool, primarily in the lamellipodium
(Cassimeris et al ., 1990) . This confirms the morphologi-
cal observations that in vitro stable F-actin was located in
both the lamellipodia and cortex . Addition of 6.7 x 10 -5 M
t-BocNLLP (a competitive antagonist of FNLLP which in
vivo induces a rapid depolymerization of F-actin from cells
incubated in FNLLP) (Sklar et al., 1985) 10 s before lysis
did not increase the rate of depolymerization of the F-actin
remaining at the time of lysis (data not shown) . Thus, even
when depolymerization is occurring in the cell at the time
of lysis, after lysis the filaments are stable .
To determine ifthe presence ofdetergent inhibited the rate
or extent of F-actin depolymerization, cells were lysed
1126Figure 2 . Electron micrographs oflamellipodial F-actin lysed directly into TRITC-phalloidin (a) or lysed for 30 min inPHEM buffer before
additionofTRITC-phalloidin (b) . Samples were fixed with 1% glutaraldehyde and processed forEM as described inMaterials and Methods.
Bar, 0.2 um .
mechanically by rapid filtration through a millipore filter.
These lysates behaved similarly to detergent-lysed cells (i .e .,
they exhibited a rapid but partial loss of TRITC-phalloidin
staining) . The depolymerization of the F-actin in control and
peptide-stimulated PMNs lysed by filtration at 1 x 10 6
cells/ml is shown in the inset to Fig . 3 .
Depolymerization ofF-actin Depends On Cell
Concentration in the Lysate
Changes in the levels of F-actin in cell lysates depended on
the cell concentration . At concentrations above 101 cells/
ml, the total F-actin level actually increased after lysis while
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at concentrations below 107 cells/ml the F-actin level de-
creased (Fig. 4 a) . The maximal loss of F-actin occurred in
cell concentrations <3 x 10 5 cells/ml and was -50% in 5
min . Increasing the KCI concentration allowed net F-actin
depolymerization in lysates at higher cell concentrations . In
1 .2M KCI, depolymerization occurred up to cell concentra-
tions of 108 cells/ml (Fig . 4 b) .
The increases in F-actin observed at the higher cell con-
centrations in Fig . 4, a and b were surprising . The total
G-actin in a lysate of 107 cells/ml is -0.5 IM ; were this ac-
tin free, it would polymerize. However, the G-actin in the cell
is likely buffered bymonomer binding proteins, thus, reduc-
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Figure 3. Time course of F-actin depolymerization in control and
peptide stimulated cells . Cells were incubated for90 s at room tem-
perature in modified Hank's buffer with (e) or without (o) 3 x
10-8 M FNLLP and then lysed at 3 x 105 cells/ml in detergent
lysis buffer containing0.15MKCI . At various times, TRITC-phal-
loidin (0.6AM final concentration) wasadded and the samples were
processed as described in Materials and Methods . The data
presented are themean fSEM for duplicate samplesfrom a repre-
sentative experiment . Data are plotted as percent time 0 stimulated
cell F-actin basedon the time0 TRITC fluorescence of stimulated
cells (see Materials and Methods) . The nonsaturable fluorescence
hasbeen subtracted from all data . (Inset) Cells (1 x 106 cells/ml)
were lysed by rapid filtration (without detergent) and depolymeriza-
tion stopped by addition of0.6 AM TRITC-phalloidin at various
times after lysis .The data presented are pooled from duplicatesam-
ples from three experiments with control cells (o) and four experi-
ments with cells incubated with 2 x 10-8MFNLLP for 90 s be-
fore lysis (o) . The data are normalized with 100% representing the
staining ofpeptide-stimulated cells at the time oflysis. Data plotted
are the means f SEM whereN = 6 for unstimulated andN = 7
for stimulated cells . The lines are drawn to approach 30-min time
points (not shown) .
ing the concentration of free G-actin. Merely diluting these
buffers, whatever their affinity for G-actin, would result in
a decrease in the concentration of free G-actin . Therefore,
an increase in F-actin wouldnotbe expected . It appears that
lysis disrupts some regulatory mechanism which normally
limits actinpolymerization in the cell . Furthermore, at inter-
mediate cell concentrations (2 x 10 6 cells/ml) there is little
actin depolymerization . Several factors could be affecting
the F-actin levels in these studies: modification of the actin
itself, or, the presence of G-actin, capping proteins that
blockfilament ends, andfactors that bind to thesides of actin
filaments (i.e ., tropomyosin and filament cross-linking
factors) .
G-actin Can Contribute to the
Inhibition ofDepolymerization in Lysates
at High Cell Concentrations butnot
atLow Cell Concentrations
The G-actin in the lysate of cells at concentrations >2 x
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Figure 4. (a) Effect of lysate cell concentration on the amount of
F-actin present 5 min after lysis in 0.15 M KCI . Cells were lysed
into lysis buffer (0.15 M KCI) . TRITC-phalloidin (0.6 AM) was
present either at the time of lysis (To, here set to 100%), or added
at5 min . At the time ofadding the TRITC-phalloidin, the cells were
all diluted to 2 x 106 cells/ml so the staining was performed un-
der identical conditions and at a G-actin concentration ofabout0.05
AM, lowenough that no polymerizationwas induced by theTRITC-
phalloidin . After staining for 1 h, the F-actin was pelleted and the
TRITC-phalloidin extracted with methanol as described in Materi-
als and Methods. The percentage of To staining was calculated af-
ter samples were corrected for nonsaturable staining . Duplicate
samples from each of two experiments are shown. (b) Effect of ly-
sate cell concentration on the amount of F-actin depolymerized
5 min after lysis in 1.2M KCI . Cells were lysed into lysis buffer
containing 1.2MKCI .Theexperiment wasperformed as described
in a . Duplicate samples from a typical experiment are shown .
106 cells/ml is >0.1 AM (measured by DNase inhibition
[Cano et al ., 1991) and thus greater than the critical concen-
tration ofactin in vitro. At these lysate concentrations, G-ac-
tin could inhibit F-actin depolymerization . The presence of
10 AM DNase in the lysate of 1 x 10 6 cells/nil did not de-
crease significantly the TRITC-phalloidin staining 5 min af-
ter lysis (Table I) indicating that G-actin was not inhibiting
F-actin depolymerization at this concentration . In 0.15M
KCI, even in lysates at high cell concentrations, thepresence
of DNase did not result in net depolymerization . However,
DNaseinhibited thenetpolymerization observed in these ly-
sates . In 1.2MKCI, thepresence ofDNasedidallowdepoly-
merization in lysates at 1 x 101 cells/ml but not at 3 x 108
cells/ml . Table I summarizes the changes in F-actin 5 min
after lysis in 0.15 or 1.2MKCI and at various cell concentra-
tions in thepresence andabsenceofDNase 1 . When the cells
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Cell Concentration (cells/ml)Table I. Characterization ofF-actin in Cell Lysates
Percent change in F-actin in 5 mint
Cell concentrationi
￿
(-DNase)
￿
(+DNase)§
Lysis buffer containing 0.15 M KCI*
3 x 105
￿
-50
￿
-50
1 x 106
￿
-45
￿
-45
1 x 10, ￿0
￿
0
1 x 108
￿
+20
￿
0
Lysis buffer containing 1 .2 M KCI*
1 x 106
￿
-55
￿
-55
1 x 10'
￿
-50
￿
-50
1 x 108 ￿0
￿
-55
3 x 108
￿
+60
￿
0
* Actin critical concentration in 0.15M KCI = 0.1 uM ; in 1.2M KCI - 1 'UM .
t Cells were lysed in lysis buffercontaining 0.15 or 1 .2 M KCI with or without
DNase 1. TRITC-phalloidin (0 .6 pM) was added either at the time of lysis (To)
or after 5 minutes (TS) . The percent change in F-actin after 5 min was the ratio
of the TRITC-phalloidin staining at T5 relative to the To.
§ DNase concentrations adequate to bind all G-actin were added (10 AM up to
10' cells/ml, 40 gM for 10 8 cells/ml, and 120 uM for 3 x 108 cells/nil) .
I Cell concentration is in cells per ml in lysis buffer.
were lysed for 24 h before the addition of TRITC-phalloidin,
the F-actin level decreased by -50% in 0.15 M KCI and by
100% in 1.2 M KCI for all cell concentrations examined
(3 x 105 to 3 x 1(N cells/ml in the presence of DNase) .
Some Filament Barbed EndsAppear toBe Free and
Can Nucleate Actin Elongation
The ability oflysates to nucleate the polymerization of exog-
enous actin suggested that capping ofbarbed ends could not
account for the stability of the F-actin remaining in lysates
of 2 x 10 6 cells/ml . As shown in Fig . 5, rhodamine actin
polymerized from the cytoskeleton of cells attached to cov-
erslips (Fig . 5 a) . The addition of cytochalasin (Fig . 5 b) or
35 nM gelsolin/actin complex (not shown) inhibited this po-
lymerization suggesting that the growth was from barbed
ends . The amount ofpolymerization was decreased on cells
lysed for 1 h before addition of rhodamine actin (Fig . 5 c),
but sites that initiate growth in a cytochalasin-sensitive man-
ner were still present (Fig . 5 d) . Quantitative studies of cells
lysed in suspension have also shown that after 1 h of depoly-
merization, the lysates can still nucleate elongation of exoge-
Figure 5. Polymerization of rhodamine actin from cytoskeletons . Cells attached to coverslips as in Fig. 1 were lysed for 30 s in lysis buffer
containing 1 AM unlabeled phalloidin (a and b) or 1 h in lysis buffer without phalloidin (c and d) before incubation for 2 min in 1 AM
rhodamine actin with (b and d) or without (a and c) 2,uM cytochalasin B . All cells were photographed and printed under identical condi-
tions. This resulted in prints which did not show the faint rhodamine fluorescence ofcytochalasin treated samples that could be seen under
the microscope . Bar, 10 Am .
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nous pyrenyl actin (Cano et al., 1991) . In these studies, the
time course of the loss of nucleation sites paralleled the loss
of filaments as determined from depolymerization kinetics
(Cano et al ., 1991) .
Furthermore, simply blocking barbed ends would be
insufficient to account for the stability of the stable pool of
F-actin . For example, if the pointed ends were free to de-
polymerize, a 1.5-Am filament would depolymerize in 3 h .
Filaments aremuch shorter than 1.5 Am (ti80% are<0.2 ,urn
[Cano et al ., 1991]) and yet, in lysates at 0.15M KCI, the
F-actin persisted overnight (see below) . Even though no evi-
dence can be found in the literature for a pointed end capping
factor, our data does not rule out the possibility that some
of the pointed ends in the lysates may be capped . A pointed
end capping activity could contribute to the F-actin stability .
For cappers to account for the F-actin stability, filaments
would have to be capped at both their barbed and pointed
ends . Alternatively, lateralbinding factors couldbe inhibiting
F-actin depolymerization from both ends while maintaining
available sites for polymerization as indicated in Fig . 5 .
In summary, at a cell concentration of 3 x 10 5 cells/ml
in 0.15 M KCI and at cell concentrations up to 107 cells/ml
in 1.2 M KCI, neither G-actin nor barbed-end-capping fac-
tors appear able to account for the stability of the F-actin .
IncreasingKClConcentration Increases
theRateandExtent ofDepolymerization in Lysatesat
Low Cell Concentrations
Increasing theKCI concentration in the lysates ofcontrol and
peptide-stimulated cells increased both the rate and extent of
F-actin depolymerization (Fig . 6, a and b) . At each time
point, the fraction of F-actin that had depolymerized was
greater at the higher salt concentrations .
The rate of F-actin depolymerization at infinite dilution is
proportional to the number of filaments depolymerizing :
dF = -koff,,Nb - koff'p Vp
￿
(1) dt
where F is the F-actin ; koff,b and koff,p, the dissociation rate
constants for the barbed and pointed ends, respectively ; Nb,
the number of barbed ends ; andNp , the number of pointed
ends . When alloftheactin filaments are free todepolymerize,
Nb = Np = N, Eq . 1 can be written as :_-_
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Figure 6 . Effect ofKCI concentrationon the depolymerization time
course of F-actin in cell lysates . (a) Cells were incubated at room
temperature for 90 s in cell buffer andthen lysed at2 x 106 cells/
ml in buffer containing 10 14M DNase I and either 0.15 (o), 0.6
(n), or 1.2M KCl(A) . At various times after lysis, 0.6 'UM TRITC-
phalloidin wasadded to stop depolymerization . Samples were then
processedas described in Materials and Methods for quantitation
ofF-actin . The data (meanfSEMofNexperimentswith duplicate
samples, N= 3, 3, and5for0.15,0.6, and 1.2M KCI, respectively)
are plotted as percent fluorescence relative to theamount of fluores-
cence at time zero . The insetshows the first five minutes ofthe time
courses . (b) Cells were incubated at room temperature for 90 s in
cell buffer containing 0.02 AMFNLLP and then lysed as described
in (a) . Symbols for different salt concentrations are given in (a) .
The data (mean tSEM ofNexperiments with duplicate samples,
N = 3, 3, and 5 for 0.15, 0.6, and 1 .2 M KCI, respectively) are
plotted as percent fluorescence relative to the amount of fluores-
cence at time zero . The insetshows the first five minutes ofthe time
courses .
dF - -(kof.b + kof,,)N
￿
(2)
dt
where N is the number of filaments depolymerizing and
(koq,b + korf,,) is the overall dissociation rate constant . Fol-
lowing thedepolymerization of pyrene-labeled muscle actin,
we determined that theoverall dissociation rate constants in-
creased 1.5-and2.5-fold as theKCIconcentration in the lysis
buffer increased from 0.15 to 0.6 and 1.2 M KCI, respec-
tively. The increase in rate of depolymerization of cellular
F-actin in lysates in high KCI was greaterthan could be ac-
counted for by theseincreases in dissociation rate constants.
Increasing the KCl in the lysis buffer from 0.15 to 0.6 and
1.2 M increased the cell F-actin depolymerization rates by
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Figure 7 . Effect of cytochalasin and KCl on time course of de-
polymerization . (a) Cells were incubated at room temperature for
90 s in cell buffer andthen lysed at 2 x 106 cells/ml in buffer con-
taining 0.2pM cytochalasin D, 10,uM DNase I and either0.15 (9)
or 1.2 M KCl (A) . At various times after lysis, 0.6,uM TRITC-
phalloidin was added to stop F-actin depolymerization . Samples
were then processed as described in Materials and Methods for
quantitation of F-actin . The data (mean f SEM ofN experiments
with duplicate samples, N = 1 and 4 for 0.15 and 1.2 M KCI,
respectively) are plotted as percent fluorescence relative to the
amount of fluorescence at time zero . (b) Cells were incubated at
room temperature for90s in cell buffercontaining 0.02IMFNLLP
andthen lysed and processed as described in (a) . The data (mean
fSEM ofN experiments with duplicate samples, N = 1 and4 for
0.15and 1.2M KCl respectively) are plotted aspercent fluorescence
relative to the amount of fluorescence at time zero .
1.6- and 3.9-fold for unstimulated cells and 1.7- and 6.0-fold
for stimulated cells, respectively . Thus, increasing the KCl
concentrationmust increase the initialdepolymerization rate
by increasing the number of filaments (N) able to depoly-
merize. This increase could be because of the removal of
barbed-end-capping factors and/or side-binding factors
which were inhibiting depolymerization .
Increasing salt concentration also increasedthe rate ofde-
polymerization in the presence of 0.2 pM cytochalasin D
(CD) (Fig . 7, a and b) . This further indicated that increased
salt was not merely removing a barbed end cap. The initial
rate of depolymerization (0 to 5 min) was CD sensitive in
both 0.15 and 1.2MKCI, suggesting that barbed ends were
contributing to the depolymerization observed in Fig. 6, a
and b (compare Fig . 6, a and b with Fig . 7, a and b) . The
rate of depolymerization at later times (60-180 min) was
only slightlyCD sensitive(compare Fig . 6, aandb with Fig .
7, a andb) . However, the fact that even after 60 minwe ob-
served barbed end elongation sites suggested that the inhibi-
tion of depolymerization at this time cannot be completely
80
ILL
60
T~f ~
25
0
t
F ._
---- ___________
40
+
0
m
i-
E
_. - - - - - - -
20
0 * 0.15M KCI
* 0 .6 M KCI
* 1 .2MKC1
100 150
time (min)
b
100 9 100
75
50
m
80
25
a ° n m
Ó
0
60
U
t
í- 40
0
m
E -
0
20 o 0.15MKCI
o 0.6 M KCI
0 1 .2 M KCIFigure 8. Increasing KCI releases F-actin from complexes that pel-
let in low gravitational forces . Cells at 2 x 106 cells/ml were lysed
in lysis buffer containing 0.15, 0.6, or 1.2M KCI . To some samples,
TRITC-phalloidin was added at the time oflysis . After 1 h of stain-
ing, the lysates were spun at lowg (-86,000g x min) to determine
what fraction of F-actin was associated with the Triton insoluble
cytoskeleton (®) or at high g (5,190,000 g x min) to determine the
total F-actin present initially (o) . The F-actin remaining after 60
min of depolymerization was determined from samples to which
the TRITC-phalloidin was added 60 min after lysis . After staining
for 1 h, these samples were also spun at high g (c) or at low g (not
shown) . Data show the fluorescence of the TRITC-phalloidin ex-
tracted from the pellets (mean t SEM) for duplicate samples nor-
malized to the fluorescence extracted from the high speed spin of
cells lysed directly into TRITC-phalloidin in 0.15 M KCI .
explained by capping of barbed ends . The presence of CD
during lysis of unstimulated cells in 0.15 and 0.6M KCI fre-
quently resulted in a transient increase in F-actin for reasons
unknown (e.g ., see Fig . 7 a) .
HighKC1Decreased the Fraction ofF-actin that
Felleted atLow Gravitational Forces
It is possible that filamentcrosslinking or lateral binding fac-
tors contribute to the stability ofcellular F-actin in vitro. In-
creasing salt concentration appeared to increase actin depoly-
merization by releasing filaments from the cytoskeleton
(Fig . 8) . In 0.15M KCI, 82% ofthe TRITC staining that pel-
leted at high g (5.19 x 106 g x min) also pelleted at low g
(8.6 x 10° g x min) (see Materials and Methods) . Increas-
ing the KCl concentration to 0.6 and 1.2 M KCI decreased
the fraction of cellular F-actin that could be pelleted at low
g to 62 and 36%, respectively. In all salt conditions, more
than 80% of the F-actin that remained after 60 min of depo-
lymerization (i .e., pelleted at high g) could be pelleted at low
g (not shown) indicating that this stable F-actin was present
primarily in large complexes .
Examination ofProteins in the Cytoskeletal Fraction
To determine factors thatmay be responsible for the F-actin
stabilization, the proteins present in the F-actin pellet were
examined by quantitative gel scanning and by Western blots
at 1, 5, and 60 min after lysis of stimulated cells in lysis
buffer containing 0.6 M KCI . The Coomassie blue-stained
actin band on the SDS gel showed 64, 45, and 34% of the
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Figure 9 . Proteincomposition ofcytoskeletons after lysis. (a) SDS-
polyacrylamide gel (10%) ofcytoskeeeool fractions (prepared from
lysates as described in Materials and Methods) 0 (lane 1), 5 (lane
2), 55 (lane 3), or 180 min (lane 4) after cell lysis. The positions
ofthemolecular weight standardsare shownto theleft. (b) Immuno-
blot showing association of a-actinin with the cytoskeleton 1 h after
lysis in buffer containing 0.6M KCI . Cytoskeletons were prepared
either immediately after lysis (lane 1), 10,.1 load ; lane 2, 511 load)
or 1 h after lysis (lane 3, 10 ul load) .
initial F-actin at 1, 5, and 60 min after lysis (Fig . 9 A) (com-
parable to the 63, 41, and 28%, respectively, determined by
TRITC staining, Fig. 6b) . Numerous other proteins, in addi-
tion to actin, remain in the pellet and may be associated with
the nucleus or intermediate filaments rather than actin . How-
ever, immunoblots indicated that tropomyosin, actin-binding
protein, and a-actinin were present with the stable F-actin
in the pellet even after 1 h in lysis buffer containing 0.6 M
KCI (data not shown) . Furthermore, immunoblots for a-ac-
tinin (Fig . 9 B) indicated that after 1 h in lysis buffer con-
taining 0.6MKCI the amount ofa-actinin that pelleted at low
speed decreased by only 10 to 25% . Since more than 60
of the actin was lost, the F-actin remaining after 60 min
may be more highly bound by a-actinin than that which had
depolymerized .
Pyrenyl F-actin Depolymerization Is Inhibited
byaActinin
To test iffilament crosslinking proteins could be responsible
for the F-actin stabilization, we examined the ability ofa-ac-
tinin to inhibit the rate of pyrenyl F-actin depolymerization
(Fig. 10) . a-Actinin has been shown to crosslink actin fila-
ments (for review see Blanchard et al ., 1989) . We incubated
1 WM pyrenyl F-actin with and without 1 pM a-actinin for
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Figure 10. F-actin depolymerization is inhibited by «-actinin. Py-
renyl F-actin (1 AM) was preincubated with and without 1 IM
a-actinin for 2 h at room temperature. DNase I (5 AM) was then
added to induce depolymerization. The pyrenyl F-actin depolymer-
ization was followed by losses in pyrene fluorescence. The data are
plotted as thepercent fluorescence relative to the amount of fluores-
cence at time zero.
2 h and then initiated depolymerization of the F-actin by add-
ing 5 AM DNase 1. We found that a-actinin did inhibit the
rate of F-actin depolymerization. Thus, it is possible that
filament cross-linking proteins such as a-actinin contribute
to the F-actin stabilization observed in our lysates.
Polymorphonuclear leukocyte F-actin in vivo and in vitro ex-
ists in stable and labile pools. However, the labile pool in
vivo does not correspond to the labile pool in vitro. In vivo,
the labile pool is induced by chemoattractant, is localized in
the lamellipodia, and has a half-life of -15 s at room temper-
ature (Cassimeris et al., 1990). In lysates, the labile pool is
present in control as well as peptide-stimulated cells, does
not correlate with lamellipodial F-actin and has a half-life of
about 1 min at room temperature. Thus various factors that
regulate F-actin in the cell must be altered upon lysis.
In some cases (e.g., the regulation of the cell cycle) in-
creasing the concentration of cells in a lysate allows continu-
ation of cell processes in a cell-free system (for reviews see
Lohka, 1989; Murray and Kirschner, 1989). However, while
we have not yet achieved the degree of lysate concentration
used in the cell-cycle studies, the alterations in F-actin depo-
lymerization occurring upon lysis do not appear to be simply
a result of dilution since increasing the cell concentration in
the lysate decreased rather than increased the rate ofdepoly-
merization . It is likely that for F-actin, which is spatially
regulated in the cell, mere concentration will not be
sufficient to mimic in vivo actin dynamics.
In many studies of lysed cells, a pool of F-actin has been
The Journal of Cell Biology, Volume 116, 1992
observed that fails to depolymerize even after prolonged in-
cubations. For example, membranes from HeLa cells dia-
lyzed 18 h at 4°C were shown to retain -40% of their actin
(Gruenstein et al., 1975) . Because a portion of the F-actin
does not readily depolymerize, investigators have resorted to
various techniques such as : gelsolin to fragment the F-actin
(Otto and Schroeder, 1990), trypsin to degrade actin-binding
proteins (Atkinson et al., 1982), and denaturing agents such
as ammonium sulfate (Fey et al., 1984), urea (Nelson and
Veshnock, 1986), 1 % Tween with 0.5 % deoxycholate (Fey
et al., 1984), and potassium iodide (Fath and Lasek, 1988)
to remove the F-actin from their cell fractions.
Factors that Contribute To F-actin Stability
We have examined factors that contribute to this F-actin sta-
bility. Were the actin filaments in a cell lysate free to
depolymerize from either end, in 18 h all filaments 49 Am
would have depolymerized completely in 0.15 M KCl (or
<24 Am in 1.2 M KCl) (pointed end offrates = 0.05 and 0.13
s-1 in the two salt concentrations, respectively) [Weber et
al., 1987; our own unpublished results). Since most fila-
ments in cells are -0.2 Am (Cano et al., 1991) they would
have depolymerized in about 0.3-0.7 min if they were com-
pletely free or 9-24 min if only the pointed end was free.
Thus, the cellular F-actin must not be free to depolymerize
readily from either the barbed or the pointed end.
At high cell concentrations, the concentration of G-actin
is well above the critical concentration. Thus, if it is not se-
questered, it should polymerize. Indeed, we find G-actin
does polymerize, and this polymerization can be inhibited by
the presence of DNase. However, merely removing G-actin
does not lead to depolymerization (Table I) .
At some cell lysate concentrations, barbed end capping
factors may be contributing to F-actin stabilization. Al-
though we could not determine whether all of the filament
barbed ends were free, after lysis at low cell concentrations,
some filaments in the stable pool do not appear tobe blocked
at their barbed ends since lysates are able to serve as elonga-
tion sites for polymerization of exogenous actin and this
polymerization is severely inhibited by the presence of cyto-
chalasin (Fig. 5) or gelsolin/actin complex (not shown) sug-
gesting that it occurs at the filament barbed ends. That these
nucleation sites are free barbed ends is suggested by studies
showing the number of barbed end growing sites is similar
to the number of free barbed ends as assayed by depolymer-
ization, i.e., depolymerization inhibited by CD (Cano et al.,
1991). Thus, while the number of elongation sites in the
lysate decreased with time after lysis, some sites remained
even when the cytoskeleton was undergoing almost no de-
polymerization, i .e., only the stable pool ofF-actin remained
(Cano et al., 1991). Thus, additional factors appear to inhibit
this depolymerization.
Increasing the salt concentration from 0.15 to 1.2 M KCl
increased both the number of filaments undergoing depoly-
merization and theextent ofF-actin depolymerization. Thus,
the increased fraction of the total F-actin that depolymerized
in 15 min (from 50% in 0.15 M KCl to 70% in 1.2 M KCl)
was not merely because of an increase in the length of each
filament depolymerizing. While it was not possible to deter-
mine conclusively whether the length distribution of the fila-
ments released by high KCl was the same as those depoly-
merizing in 0.15 M KCI, were salt merely removing some
1132block to depolymerization along the length of the filament,
one would expect to see an increase in the duration ofdepoly-
merization with no increase in the number of filaments (i.e.,
the initial rate ofdepolymerization). This was not observed.
This suggests that increasing salt concentration increases
the number of filaments depolymerizing without significant
changes in the mean length of the depolymerizing pool.
Several pieces of evidence suggest that stable F-actin is
linked to itselfand/or other cross-linking factors. These may
be contributing to the stability of F-actin in vitro. (a) Lysed
cellsretain the morphology of theiractin meshwork suggest-
ing that the stable filaments are crosslinked in the meshwork
(Figs. 1 and 2). (b) Increasing salt concentration decreased
the fraction of cellular F-actin that couldbe rapidly pelleted
(i.e., filaments were detached from the cytoskeleton) and
also increased the fraction that rapidly depolymerized (Figs.
6, 7, and 8). (c) Many actin cross-linking proteins including
a-actinin and actin-binding protein are known to be present
in Triton insoluble cytoskeletons and high salt is known to
increase their release into the supernatant (Fig. 9; Schliwa
and van Blerkom, 1981; Rosenberg et al., 1981; Pacaud,
1986) .
We have not attempted to assign the inhibition to a particu-
lar actin cross-linking protein since a number of F-actin-
binding and cross-linking proteins are present and they all
may contribute to the inhibition (Pacaud, 1986). Removal of
any one factor may have only a small effect on the stability
ofthe F-actin. Presumably, F-actin cross-linking factors con-
tribute to the stability of echinoderm sperm acrosomal
processes (Tilney, 1973). It is known that myosin rigor com-
plexes can inhibit depolymerization (Detmers et al ., 1981).
These results led us to the idea that filament cross-linking
proteins may be responsible for the F-actin stabilization ob-
served in PMN lysates. We have evidence that a-actinin in-
hibits the rate of F-actin depolymerization (Fig. 10). Further
experiments characterizing this inhibition are in progress.
Tropomyosin also inhibits depolymerization of F-actin, par-
ticularly from the pointed end of the filament (Broschat et
al ., 1989; Weight et al ., 1990). Thus, tropomyosin and «-ac-
tinin, two proteins found associated with the stable F-actin,
probably contribute to the stabilization observed here. In ad-
dition, we now have evidence that the 30-kD actin cross-
linking protein from Dictyostelium (Fechheimer et al ., 1991)
is a potent inhibitor of actin depolymerization (Zigmond,
S. H., R. Furukawa, and M. Fechheimer. 1991. J. Cell Biol.
115 :329«) .
Physiological Significance ofF-actin Stabilization
The dramatic inhibition of depolymerization in lysates sug-
gests that the binding properties of the inhibitory factors
must be modified in vivo to allow the dynamic properties of
F-actin. An increase in the affinity of cross-linking proteins
in lysates could account for the inhibition of depolymeriza-
tion. The conclusion that in vitro complexes of F-actin with
actin-binding proteins are different than the complexes
formed in vivo was also reached by Janmey et al. (1990)
when considering the very slow deformability of gels made
ofF-actin and actin-binding protein in vitro. Such gels could
not accommodate the rapid shapechanges seen in vivo (Jan-
mey et al ., 1990) . In vivo, the actin meshwork must be
sufficiently crosslinked to give it mechanical strength but
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must also be able to change shape and readily disassemble
through depolymerization.
In summary, we have examined F-actin depolymerization
in PMN lysates to beginto understandthe regulation ofF-ac-
tin depolymerization in vivo. We have identified several fac-
tors that contribute to F-actin stability in lysates. By examin-
ing the F-actin in lysates of various cell concentrations, we
have characterized the effects of G-actin, barbed end capping
factors, and cross-linking factors on the F-actin stability in
the lysate. The effects of these stabilizing factors should be
consideredin in vivostudies ofcellF-actin depolymerization.
We thank Michael Joyce and Jennifer Bass for excellent help with the ex-
periments. We are grateful to Vivianne Nachmias for useful criticisms of
the manuscript and to Marc Symons for showing us his manuscript before
publication. We thank Lew Tilney, Annemarie Weber, John Hartwig, and
Kyoko Imamaka-Yoshida for the generous gifts of myosin St, gelsolin/
actin complex, anti-actin-binding protein, and a-actinin antibody, respec-
tively.
The EM was performed by Denah Apelt and Kathy Losser, funded by
Clara Franzini-Armstrong's National Institutes of Health (NIH) grant HL
15835 to the Pennsylvania Muscle Institute. This study was supported by
NIH grant AI 19883 to S. H. Zigmond, NIH Training grant CA 09140-15
to L. Cassimeris, a National Science Foundation (NSF) predoctoral fellow-
ship to M. L. Cano, and NSF grant DCB-9105087 to M. Fechheimer.
Received for publication 1 August 1991 and in revised form 27 November
1991 .
References
Atkinson, M. A. L., J. S. Morrow, and V. T. Marchesi. 1982. The polymeric
state of actin in the human erythrocyte cytoskeleton. J. Cell. Biochem.
18:493-505 .
Bamburg, J. R., L. S. Minamide, T. E. Morgan, S. M . Hayden, K. A.
Giuliano, and A. Koffer. 1991. Purification and characterization of low-
molecular-weight actin-depolymerizing proteins from brain and cultured
cells. Methods Enzymol. 196:125-140.
Blanchard, A., V. Ohanian, and D. Critchley. 1989. The structure and function
of alpha-actinin. J. Muscle Res. Cell Motil. 10:280-289.
Broschat, K. O., A. Weber, and D. R. Burgess. 1989. Tropomyosin stabilizes
the pointed end of actin filaments by slowing depolymerization. Biochemis-
try. 28:8501-8506.
Cano, M . L., D. A. Lauffenburger, and S. H. Zigmond. 1991. Kinetic analysis
of F-actin depolymerization in polymorphonuclear leukocyte lysates indi-
cates that chemoattractant stimulation increases actin filament number with-
out altering the filament length distribution. J. Cell Biol. 115:677-687.
Carson, M., A. Weber, and S. H. Zigmond. 1986. An actin-nucleating activity
in polymorphonuclear leukocytes is modulated by chemotactic peptides. J.
Cell Biol. 103:2707-2714.
Cassimeris, L., H. McNeill, and S. H. Zigmond. 1990. Chemoattractant-
stimulated polymorphonuclear leukocytes contain two populations of actin
filaments that differ in their spatial distributions and relative stabilities. J.
Cell Biol. 110:1067-1075.
Cooper, J. A., J. D. Blum, R. C. Williams, and T. D . Pollard. 1986. Purifica-
tion and characterization of actophorin a new 15,000-Dalton actin-binding
protein from Acanthamoeba castellanii. J. Biol. Chem. 261 :477-485.
Craig, S. W., C. L. Lancashire, and J . A. Cooper. 1982. Preparationof smooth
muscle alpha-actinin. Methods Enzymol. 85 :316-321.
Detmers, P., A. Weber, M. Elzinga, and R. A. Stephens, 1981. 7-chloro-4-
nitrobenzeno-2-oxa-1,3-diazole actin as a probe for actin polymerization. J.
Biol. Chem. 256:99-105.
Fath, K. R., and R. J. Lasek. 1988. Two classes of actin microfilaments are
associated with the inner cytoskeleton ofaxons. J. Cell Biol. 107:613-621.
Fechheimer, M., D. Murdock, M. Carney, and C. V. C. Glover. 1991. Isola-
tion and sequencing of cDNA clones encoding the Dictyostelium dicoideum
30,000-dalton actin bundling protein. J. Biol. Chem. 266:2883-2889.
Feramisco, J. R., and K. Burridge. 1980. A rapid purification of alpha-actinin,
filamin, and a 130,000-dalton protein from smooth muscle. J. Biol. Chem.
255:1194-1199.
Fey, E. G., K. M. Wan, and S. Penman. 1984. Epithelial cytoskeletal frame-
work and nuclear matrix-intermediate filament scaffold: three-dimensional
organization and protein composition. J. Cell Biol. 98 :1973-1984.
Forscher, P., and S. J. Smith. 1988. Actions ofcytochalasins on the organiza-
tion ofactin filaments and microtubules in a neuronal growth cone. J. Cell
Biol. 107:1505-1516.
Glacy, S. D. 1983 . Subcellular distribution of rhodamine-actin microinjected
1133into living fibroblastic cells. J. Cell Biol. 97:1207-1213.
Gruenstein, E., A. Rich, and R. P. Weihing. 1975. Actin associated with mem-
branes from 3T3 mousefibroblasts andHeLa cells. J. CellBiol. 64:223-234.
Hartwig, J. H., and P. Shevlin. 1986. The architecture of actin filaments and
the ultrastructural location of actin-binding protein in the periphery of lung
macrophages. J. Cell Biol. 103:1007-1020.
Heath, J. P. 1983. Direct evidence for microfilament-mediated capping of sur-
face receptors on crawling fibroblasts. Nature (Lond.). 302:532-534.
Howard, T. H., and C. O. Oresajo. 1985 . A method for quantifying F-actin
in chemotactic peptide activated neutrophils: study ofthe effect offBOC pep-
tide. Cell Motil. 5:545-557.
Janmey, P. A., S. Hvidt, J. Lamb, and T. P. Stossel . 1990. Resemblance of
actin-binding protein/actin gels to covalently crosslinked networks. Nature
(fond.). 345:89-92.
Kom, E. D., M. F. Carlier, and D. Pantaloni. 1987. Actin polymerization and
ATP hydrolysis. Science (Wash. DC). 238:638-644.
Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (Lond.). 227 :680-685.
Lohka, M. 1989. Mitotic control by metaphase-promoting factor and cdc2. J.
Cell Sci. 92:131-135 .
Mabuchi, I. 1983. An actin-depolymerizingprotein (Depactin) from starfish oo-
cytes: properties and interaction with actin. J. Cell Biol. 97:1612-1621 .
MacLean-Fletcher, S., and T. D. Pollard. 1980. Identification of a factor in
conventional muscle actin preparations which inhibits actin filament self-
association. Biochem. Biophys. Res. Commun. 96:18-27.
Mimura, N., and A. Asano. 1986. Isolation andcharacterization ofa conserved
actin-binding domain from rat hepatic actinogelin, rat skeletal muscle, and
chicken gizzard alpha-actinins. J. Biol. Chem. 261 :10680-10687.
Mitchison, T., and M. Kirschner. 1988. Cytoskeletal dynamics and nerve
growth. Neuron. 1 :761-772 .
Moriyama, K., E. Nishida, N. Yonezawa, H., Sakai, S. Matsumoto, K. Iida,
and I. Yahara. 1990. Destrin, a mammalian actin-depolymerizing protein,
is closely related to cofilin. J. Biol. Chem. 265:5768-5773 .
Murray, J. M., A. Weber, M. K. Knox. 1981 . Myosin subfagment I binding
to relaxed actin filaments and the steric model of relaxation. Biochemistry.
20:641-649.
Murray, A. W., and M. W. Kirschner. 1989. Dominoes and clocks: the union
of two views of the cell cycle. Science (Wash. DC). 246:614-621.
Nelson, W. J., and P. J . Veshnock. 1986. Dynamics of membrane-skeleton (fo-
drin) organization during development of polarity in Madin-Darby canine
kidney epithelial cells. J. Cell Biol. 103:1751-1765.
Northrop, J., A. Weber, M. S. Mooseker, C. Franzini-Armstrong, M. F.
Bishop, G. R. Dubyak, M. Tucker, and T. P. Walsh. 1986. Different cal-
cium dependence of the capping and cutting activities of villin. J. Biol.
Chem. 261 :9274-9281 .
Okabe, S., and N. Hirokawa. 1989. Incorporation and turnover of biotin-
labeled actin microinjected into fibroblasticcells: an immunoelectron micro-
scopic study. J. Cell Biol. 109:1581-1595 .
Otto, J. J., and T. E. Schroeder. 1990. Association of actin and myosin in the
contractile ring. Ann. N. Y. Acad. Sci. 582:179-184.
The Journal of Cell Biology, Volume 116, 1992
Pacaud, M. 1986. Separation and identification ofthe major constituents ofcy-
toplasmic gels from macrophages. Eur. J. Biochem. 156:521-530.
Podolski, J. L., and T. L. Steck. 1990. Length distribution of F-actin in Dic-
tyostelium discoideum. J. Biol. Chem. 265:1312-1318.
Rosenberg, S., A. Stracher, and R. C. Lucas . 1981. Isolation and characteriza-
tion of actin and actin-binding protein from human platelets. J. Cell Biol.
91 :201-211 .
Rubino, S., and J. V. Small. 1987. Thecytoskeleton of spreading Dictyostelium
amoebae. Protoplasma. 136:63-69.
Ryder, M. I., R. N. Weinreb, and R. Niederman. 1984. The organization of
actin filaments in human polymorphonuclear leukocytes. Anat. Rec.
209:7-20.
Sanger, J. W., B. Mittal, and J. M. Sanger. 1984. Analysis of myofibrillar
structure and assembly using fluorescently labeled contractile proteins. J.
Cell Biol. 98:825-833 .
Schliwa, M., and J. van Blerkom. 1981 . Structural interaction of cytoskeletal
components. J. Cell Biol. 90:222-235.
Sklar, L. A., G. M. Omann, and R. G. Painter. 1985 . Relationship of actin
polymerization and depolymerization to light scattering in human neutro-
phils: dependence on receptor occupancy and intracellular Ca21 . J. Cell
Biol. 101 :1161-1166.
Small, J. V., G. Isenberg, and J . E. Celis. 1978. Polarity of actin at the leading
edge of cultured cells. Nature (Load.). 272:638-639.
Spudich, J. A., and S. Watt. 1971. The regulationof rabbit muscle contraction:
biochemical studies of the interaction of the tropomyosin-troponin complex
with actin and the proteolytic fragments of myosin. J. Biol. Chem.
246:4866-4871.
Svitkina, T. M., A. A . Neyfakh, and A. D. Bershadsky. 1986. Actin cytoskele-
ton of spread fibroblasts appears to assemble at the cell edges. J. Cell Sci.
82:235-248.
Symons, M., and T, J. Mitchison. 1991 . Control of actin polymerization in
lamellipodia of live and permeabilized fibroblasts. J. Cell Biol. 114:503-
513.
Tilney, L. G. 1973. The polymerization of actin: its role in the generation of
the acrosomal process of echinoderm sperm. J. Cell Biol. 59:109-126.
Wang, Y-L. 1985. Exchange of actin subunits at the leading edge of living
fibroblasts: possible role of treadmilling. J. Cell Biol. 101:597-602.
Weber, A., J. Northrop, M. F. Bishop, F. A. Ferrone, and M. S. Mooseker.
1987. Kinetics of actin elongation and depolymerization at the pointed end.
Biochemistry. 26:2537-2544.
Wegner, A., andK. Aktories. 1988. ADP-ribosylatedactincaps the barbed end
of actin filaments. J. Biol. Chem. 263:13739-13742.
Weight, C., B. Schoepper, and A. Wegner. 1990. Tropomyosin-troponin com-
plex stabilizes the pointed ends of actin filaments against polymerization and
depolymerization. FEES (Fed. Eur. Biochem. Soc.) Lett. 260:266-268.
White,J. R., P. H. Naccache, and R. I. Sha'afi. 1983. Stimulation by chemotac-
tic factor of actin association with the cytoskeleton in rabbit neutrophils.
Effects of calcium and cytochalasin B. J. Biol. Chem, 258:14041-14047.
Zigmond, S. H., and S. J. Sullivan. 1979. Sensor y adaptation of leukocytes to
chemotactic peptides. J. Cell Biol. 82:517-527.
1134